Experimental measurements of surface pressure distributions and wake profiles were obtained for an NACA 4412 airfoil to determine the lift, drag, and pitching-moment coefficients for various configurations. The addition of a Gurney flap increased the maximum lift coefficient from 1.49 up to 1.96, and decreased the drag near the maximum lift condition. There was, however, a drag increment at low-to-moderate lift coefficients. Additional nose-down pitching moment was also generated by increasing the Gurney flap height. Good correlation was observed between the experiment and Navier-Stokes computations of the airfoil with a Gurney flap. Two deploy able configurations were also tested with the hinge line forward of the trailing edge by one and 1.5 flap heights, respectively. These configurations provided performance comparable to that of the Gurney flap. The application of vortex generators to the baseline airfoil delayed boundary-layer separation and yielded an increase in the maximum lift coefficient of 0.34. In addition, there was a significant drag penalty associated with the vortex generators, which suggests that they should be placed where they will be concealed during cruise. The two devices were also shown to work well in concert. 
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design of mechanically simpler high-lift systems with no degradation in performance. However, to maintain the high lift coefficients required for approach and landing, new technology is needed to provide lift enhancement and separation control.
One candidate technology is the Gurney flap which consists of a small plate, on the order of 1-2% of the airfoil chord in height, located at the trailing edge perpendicular to the pressure side of the airfoil (Fig. 1) . This device was originally used on the airfoils of performance race cars to increase the down force for the lateral traction required during high-velocity turns. Liebeck 1 tested a 1.25% chord Gurney flap on a New- man airfoil which resulted in an increase in lift and a slight reduction in drag. Larger lift increments were observed for greater flap heights, but the drag increased noticeably beyond heights of approximately 2% chord. Experimental investigations incorporating a Gurney flap on the trailing element of multielement race-car airfoils were later conducted by Katz and Largman 2 and Katz and Dykstra. 3 Both investigations reported a substantial increase in lift (as much as 50% using a 5% chord Gurney flap), but the corresponding LID was reduced over the design angle-of-attack range.
A computational study of an NACA 4412 airfoil with a Gurney flap was conducted by Jang et al. 4 An incompressible Navier-Stokes code was used to compute the flowfield about the airfoil with Gurney flap heights ranging from 0.5 to 3.0% chord. With the addition of a Gurney flap, the computations predicted a significant lift increment that increased with flap size, although not linearly. The computed pressure distributions indicated increased loading along the entire airfoil when compared with the baseline, particularly at the suction peak and near the trailing edge. The computations also predicted a drag penalty at low-to-moderate lift coefficients.
Similar trailing-edge devices, such as the wedge flap and the divergent trailing edge, have been designed to increase airfoil efficiency at cruise conditions. The wedge flap 5 is a ramp located on the airfoil lower surface at the trailing edge with a height between 0.5-1.5% of the chord. At transonic velocities, the wedge flap lowers the angle of attack for a given lift coefficient and reduces the drag for lift coefficients above 0.52. Divergent trailing-edge (DTE) airfoils 6 have also shown significant improvement in transonic performance when applied to a supercritical airfoil. This modification incorporates strongly divergent upper and lower surfaces to produce a blunt trailing edge. Relative to a baseline supercritical airfoil, the DTE airfoil exhibits an increase in aft loading as well as a decrease in compressibility drag for a given lift coefficient.
Vortex generators have a long history of successful application to aerodynamic surfaces to prevent flow separation and increase efficiency. By generating streamwise vortices, these devices serve to energize the boundary layer which tends to delay the flow separation commonly encountered under adverse pressure gradients. First introduced by Taylor, 7 the vanetype vortex generators are the most ubiquitous, consisting of a flat plate mounted normal to the surface at a small angle of incidence to the local flow. Because they typically extend well beyond the boundary layer, this type of vortex generator produces considerable parasitic drag. 8 Submerged vortex generators, however, derive their name from the fact that they measure on the order of the boundary-layer thickness in height and are, therefore, mostly "submerged" in the boundarylayer flow. The submerged vortex generators investigated in this study were the Wheeler wishbone 9 type consisting of Vshaped ramps pointing in the downstream direction (Fig. 2) . Each device generates two counter-rotating vortices, one off each edge, that grow with downstream distance. The primary objective of the present study was to provide an experimental data base on the performance of the Gurney flap on a single-element airfoil. Several flap sizes were tested in order to determine the effect of Gurney flap height and to validate the Navier-Stokes computations conducted previously by Jang et al. 4 A secondary objective was to determine the effectiveness of vortex generators in delaying airfoil stall.
Experimental Setup
The current experiment was conducted in the 7-by 10-ft Wind Tunnel at the NASA Ames Research Center. This facility is a closed-circuit wind tunnel incorporating a test section 15 ft long with a constant height of 7 ft and a width of 10 ft with a 1% divergence. There are no turbulence-reducing screens in the circuit and the test section turbulence intensity level is 0.77% at 100 ft/s. All data was obtained at a chord Reynolds number of approximately two million.
The model consisted of an NACA 4412 wing with a chord of 36 in. spanning the 10 ft width of the wind tunnel (Fig. 3) . Boundary-layer trip strips were placed at 2.5 and 10% chord on the upper and lower surfaces, respectively. The airfoil was instrumented with a total of 200 pressure taps which composed one spanwise and three chordwise rows. The span wise taps were located at one-quarter chord, while the chordwise rows were located at midspan and one-half chord on either side. The lift and pitching-moment coefficients were determined by an integration of the centerline pressure distribution, while the spanwise and additional chordwise rows of pressure taps served to monitor the two-dimensionality of the flow. In addition, boundary-layer fences were mounted on the airfoil 21 in. from each of the walls to promote two-dimensional flow on the instrumented center section.
The drag coefficient was determined by an integration of the static and total pressures measured with a wake rake situated 0.7 chord downstream of the airfoil trailing edge. The rake was composed of 91 total and 9 static pressure probes distributed over 36 in. with clustering near the centerline. A motor-driven traverse was used to center the rake vertically on the airfoil wake at the midspan location. Both the wake rake pressures and surface pressures were measured with an electronically scanned pressure system for rapid data acquisition. All aerodynamic coefficients are reported in the wind axis system. The two lift-enhancing devices were studied both independently and in concert. 2.0% chord. Wishbone vortex generators with a height of 0.5% chord were then tested with and without a Gurney flap. The vortex generators were mounted across the entire span at 12% chord from the leading edge, and were evenly spaced with a distance of six vortex generator heights between centers. At this location, their 0.5% chord height corresponds to approximately three to four boundary-layer thicknesses and they are, therefore, only partially submerged. 
Results and Discussion
The extent of two-dimensional flow is a good measure of the data quality in two-dimensional airfoil testing. The spanwise pressure variation for a representative case is presented in Fig. 4 . These distributions indicate that the flow was essentially two-dimensional at the lower angles of attack, while some three-dimensionality is apparent near maximum lift (a = 12 deg). At angles of incidence beyond maximum lift, however, strong three-dimensional effects are evident. These effects can also be observed in a comparison of the three chordwise pressure distributions (Fig. 5) where good correlation is observed at the maximum lift condition, while threedimensional flow is indicated for the stalled condition.
Airfoil pressure distributions and wake surveys were first obtained for the baseline clean configuration and then for Gurney flap heights from 0.5 to 2% chord without vortex generators. A comparison of the pressure distributions for various Gurney flap heights is presented in Fig. 6 . The presence of the Gurney flap considerably increased the aft loading of the airfoil, but it is also noted that much of the lift increment is derived from a general increase in loading and a higher suction peak. As the Gurney flap height is increased, higher loading is noted along the entire airfoil.
The lift and drag coefficients are presented in Fig. 7 for angles of attack from 0 to 15 deg. It can be seen that the addition of the Gurney flap produces a significant lift increment compared with the baseline configuration. The smallest Gurney flap tested (0.5%c) yielded an increase of 13% in the maximum lift coefficient, while the larger flaps produced successively larger increments, although not proportionally, up to 32% for the 2%c flap. Also shown in Fig. 8 is the drag polar for the same configurations. At low-to-moderate lift coefficients, there is a drag penalty associated with the Gurney flap which increases with flap height. At higher lift coefficients, however, the drag is significantly reduced. As a result, the effect on the maximum lift-to-drag ratio is small, but the lift coefficient for a given lift-to-drag ratio is significantly increased (Fig. 8) . It is also noted that the maximum lift-todrag ratio is reduced for Gurney flap heights greater than 1% chord. Finally, the nose-down pitching moment about 0.25c (Fig. 9 ) is shown to increase with Gurney flap height although, again, not proportionally. Because of the drag increment at lower lift coefficients caused by the Gurney flap, it would be desirable to stow the flap during cruise in aircraft applications. A sharp trailing edge, however, is not conducive to a hinge line and other hardware necessary for deployment. This prompted the consideration of a miniature split flap with a 90-deg deflection (Fig. 10 ). Two configurations were tested for a 1.25%c split flap with a hinge line located forward of the trailing edge by I.0 and 1.5 flap heights, respectively. As illustrated in The measured effect of the Gurney flap is in general agreement with the Navier-Stokes computations presented in Ref. 4 . Figure 12 presents a comparison of the measured and calculated pressure distribution on the airfoil in the baseline clean configuration at an angle of attack of 9 deg. The lower pressures measured experimentally can be attributed to wall effects since the walls of the wind tunnel were not modeled in the computations. Larger discrepancies are evident in a similar comparison shown in Fig. 13 which incorporated a 1.0%c Gurney flap. Nevertheless, the computations effectively predicted the higher suction peak and the increased aft loading caused by the Gurney flap. A comparison of the computed and experimental lift coefficients for the baseline and \%c Gurney flap cases is presented in Fig. 14. Good correlation is observed between computation and experiment for the baseline airfoil except near the maximum lift coefficient. The computations, however, appear to underpredict the lift increment due to the Gurney flap. This discrepancy was noted for each Gurney flap height tested. As illustrated in Fig. 15 , the computed lift increment for flap heights between 0.5-2.0%c was consistently low compared with experiment.
Previous experimental and computational results 4 -10 indicate that the NACA 4412 suffers a trailing-edge stall progression, a behavior especially suited for the application of vortex generators. The effect of the vortex generators was investigated both with and without a Gurney flap. As shown in Fig. 16 , the addition of the vortex generators to the baseline configuration delayed the flow separation from an angle of attack of 12-19 deg, and increased the maximum lift coefficient by 23%. However, it is apparent from the drag polar that there is a significant drag penalty at low and moderate lift coefficients caused by the parasitic drag associated with the vortex generators. Figure 16 also presents the results from the synergism of the Wheeler vortex generators and a 1.25%c Gurney flap which yielded a 36% increase in the maximum lift coefficient at an angle of attack of 17 deg. The corresponding lift-to-drag ratio (Fig. 17) was significantly reduced for both configurations due to the large increase in drag. Thus, the resulting reduction in cruise performance greatly offsets the high-lift benefits obtained from these vortex generators. However, it has been proposed in Ref. 11 that vortex generators located near the leading edge of a flap could be stowed in the flap cove of the main element during cruise without a drag penalty. Similarly, these devices may be placed near the leading edge of the main element where they would be concealed by the slat in the cruise configuration.
Conclusions
Two lift-enhancing devices were experimentally investigated on a two-dimensional single-element airfoil and the following conclusions were drawn:
1) The Gurney flap can significantly increase the lift of a single-element airfoil with a small increase in drag at low-tomoderate lift coefficients.
2) To avoid a drag penalty during cruise, the miniature split flap configuration can be employed with a hinge line forward of the trailing edge, providing performance comparable with the Gurney flap.
3) Vortex generators can delay flow separation and increase the maximum lift coefficient on an airfoil that suffers trailingedge stall. However, the large drag increment associated with these devices suggests that they must be incorporated into a high-lift system by placing them near the leading edge of the flaps and/or the main element where they will be concealed during cruise.
4) The Gurney flap and vortex generators can be employed in concert to generate greater lift enhancement than either device individually.
